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A3STRACT

Studies *4w carried out to determine certain basic propertts
A

of the complex metal sulfide, SbSbS4 , that pertain to its use as a solid

lubricant and lubricant additive material. Past research 4wqdemonstrsted
that this material exhibited superior extreme pressure (EP) erformnce,

antiwear properties, and high temperature stability. The present research

4w* verified the performance under EP conditions as an additive'to a

base grease. However the performnce of SbSbS4 as a so1i'd lut cant (in

the form of a powder) was not found to be effective at temperatures belvw

about 22C. It was noted though that, when used as a dry powder lbricat,

the compound did produce a thick adherent film on steel surfaces in slidtIA

contact. Six different types of wear and friction tests were carried out

under various conditions of load, sliding speed, contact geometry,

temperature, and time, in order to fully explore the potential of SbSbS4

as a lubricant on several different metals. In a number of cases, its

performance was compared with NoS2 and with other sulfur containing

additives in lubricants. Electron microscopy studies on film material

removed from the sliding contact surfaces busqeo that the interectit*

of sulfur released from SbSbS4 with the steel srface, presumably at

locally elevated temperatures, ts a principal mahaism. Hoever, the

pysical characteristics Of the SbM4 film in the zon prabibti

also have a significant role itn its overall perfWW=W. \.
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This report Wil 1 describ" results obtained in a PrO4wt Coa.adif~
Mution f the~w ar prpties ofmtl raevaluation and chaj'c erao of th wea me s fce

lubricated with certain inorganic solid sulfur. coMpunds,* SVr' V

materials, such as Sb S 4 hav'e bensont xii uerior Oxtr

pressure .(EP) perforuance. an~iwear properties, and hig tematr St61

under laboratory test conditions (I-) It wsiportant i n the present

work to 4etarmine more fully the conditions under which these compOwPdP
31 , , I .' I: Ii .. ' , 7

were effective, to compare their performance with other known 1lubricpants,

and to improve the understanding of the mechanisms by which they functpp.

The study thus far has concentrated on one compound, SbSbS4 9 anti"Ony4T

thioantimonate. That material had been studied before, (1-4) And wps fpund

*to possess very good EP lubricating characteristics. It wass thoqgt that

*this compound could serve as a. high qul solid 1,~rcotmtril n

that it might offer improved performance in bearing applications involving

metals such as stainless steels and titanium alloys. Navy requirements

for lubricants, both as additives to oils and greases, and in dry file

applications, are varied And involve a wide range of contact loads, speeds,

and environments. The development of new lubricant materials with improvd
1~ -. f

EP and other characteristics would be of significant value in many Navy

applications, particularly if bearing maintenance intervals could be

lengthened as a result, or if more corrosion resistant metals could be

employed in bearings without compromising the wear pev'formancA. ~

avemi-bfit'v -0**Vbft, teift" Al~at~t ~ ~ ewlm4l~J

such as raphite and molybdonum disul fide,,wm~ld also cqtribute to NO~

* program needs.

PCemmCial P.oduts; are Identified in this reprt in order to ftly s '

the fteras uwed and the testing conditions involved. End""Hillut0-t
mteials by NOS Is not implied. <*.>..~ ...

.. j
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Slinng conditions and as an ad'ieto oi S, aed to *%toe. SIX

tests Wie en carrie4 out ateeauesfo oU0.S*f

friction dt tid.Animotn atoi *s ~~a

attempt' to idetfy the m'echani sms by Alc ~.S1k~ caOmb r 4

added ~ ~ ~ ~ ~ f (5% by weiht to, ad bas grese an nihae n tti
1~ 

1

EP test The cmpound stuie sgialy ineel the' ;

Certint suies NaeiaO AArS4  s~Ssenic an d ww SO~5 iceaedthe

greaternwded load to e!ght toha ba00 kgr cpanevi it! sda' ks ng t h a greW4
and 200t kge fo mos atdidinfiantd uncteseprdmin he~~

seifure studi* ofd the med malv ulfi wre ntd by 04 bass Osge

wereai sulfites gase4 adbie usgtefr-al Pes. Te

awrxmaeythlde ezr load as obtaerthaned k wit to ont

but gave much higher weld loads. However, most o# these mp.us

'Seizure load: - load ili *r fourbaell .EP I;*tflk awI4a ~$ -

wear scar diaer is noted.

"ibid load: load In. the fur-balE tos at wh, cV 14 Aoccsw
the balls.

2
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Pass the AS*I o~s drso 4 x~t m #t

That chi0&bn ~a alo ifct a a Jrni 444 i i

steel wherei-As as an dtiveiwas "C' 0o 40nan~ ! i

&Ilso o~tain md thii iMbounds wertsetad dli, jnI i~~s

aphenolic Wbr. ifcvevrq weusdadrsOld Tu7441ti
eren~tas ffective as MoS2  nthe esftt4sier

pin is 00sed Into a, -bushing.. Vuvtfir invettta tlon s of sin , i4  its , i

grease additive weft conducted by King and Amitra (5) usigteA~' '

standard four-ball1 test (D0506) they si~wed draai increat 14e~ f

weld load and seizure load (table 1) over that' for" the' I thilum be"

grease f 'TY id the Aoadditive in grease.

"Ser tsae wore' studied with the saMl additives indsK ~

essentially the same effect. It'was atso found Wh~ ,Vytai

concentrtiions of SbSbS4 in the gretse'were needaced to s fAi i AIn.tly

increase weld load caoacity and that thdrei was a strong concentraitfon

effect (Pig!. 1)'. These results generated conti'erable ttitt ii

SbSbS4 'and raised the question As to the mehanism responsib Is~ 'the

enhanced performance imparted by SbSbS4.
Aithboo~ a great deal of work has been repkred "on the hafIl' -s

of soluble additives such as sulphur. phos~iov6so n 4 I6ilie-

containing' olcles, they's has been ielatl4*106 It~1 a~r W

an solid additives other then HoS. Bansheimer (6) inVtitV#t&

He reported fiVA T.ITadi on the

Oushelmr (6) don tnt define O.K. load. beeit suall I oft,
toea loaduhWeb is a small contet icroat (e.g. 10kip) u"im
weld load.
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was also dic"qe 4
the surf". ie fo.'~Mtto f ~ ~

rather a reaction to. ftmeP ntqc$atrj 91

involved can be quite complex. WhenP
oilI a reaction opcre ttel~~ 5pf~t 'F'JM
to be responsible, for .mprqv$ ~~at~ Pt~

Another Ilvestigator (9),"Wdsd an Yma"r of c
tmineraI otl an 'd large imcrmsi lt

should also be note that extremely high welI

tso

fluid %tbimm~r~v w s
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1. Tho solid may form a fil m on the surface, suctas s

140S 2 and the oxides. This takes place Prfmarl An Wh 1 k lo

region. Ths film reduces wear only 3si ght y wi1 th , a ' e1 ftfc ' W190

lubricant but has a major efict on the seizure 16ad at ,iW
the film the greater the increase in s ezure load that occ

2. The solid may participate in a reaction with' the surface to #orm''

another film. This effect is most noticable in region 11 at hi'gher

loads (Fig. 2) where it significantly reduces wear and signtficant:i'y

Increases the weld load.

The mechanism of action of solid additives seems clear. In region IT (Pig.*2 -

the film that is formed prevents metal welding. The weld load is et"Ottveby '

increased by replacing metal welding by film failure.

The mechanism by which a solid film increases the seizure load is

somewhat more complicated. However some guidance is available from the work

reported in reference 10 concerning the mechanism of bounder) lubrication

with oil. From a detailed study of the seizure process it was concluded that-

failure was dependent upon the temperature reached during ru-in. f" the

temperature did not reach the "lubricant desorption temperature TO, low W&r

would result with surface polishing. For temperatures greate0 than tl, l1u

seizure will result producing a high wear rate. Thus the seizure load is'

determined by the condition T - T* where T Is the actual surface ompi'6ure.

Higher seizure load will result from lower surface temperatures. 114 prt nclol

means of accomplishing lower surface temperatures is to lower the friction'

coefficient at the contact. In cases where friction coefficients were measured



(11), the highest seizure loads were found with the lowest friction pdditives.

Thus it can be postulated that the solid films laid down in re ion I

(low loads - Fig. 2) increase the seizure load by lowering friction. Almost

any soft solid could perform in this way if it remained firmly attached to

the surface. However good adhesion is difficult in the presence of surface

active lubricating molecules.

In dry contacts a large number of compounds have been found which lower

friction and prevent wear and surface damage at a rubbing contact. The general

types of solid lubricants along with examples are listed in Table 4. One

common property of all these materials is that they are relatively soft.

Nany compounds which do not lubricate at room temperatures become more

effective at higher temperatures. This is illustrated in Fig. 3 from (12)

where friction coefficients for a variety of materials are plotted against

temperature. The reduction in friction is due to the lower shear strength in

the solid film at higher temperatures. The conclusion drawn from such studies

is that almost any compound will behave as a solid lubricant as the operating

temperature approaches the melting point of the compound. However to be

effective it has been shown that a layer of the solid must be fi mly attached

to the metal surface. Soft solids which did not adhere do not perform

well as solid lubricants.

Available data on sulfides used as solid lubricants are limited other

than for NoS 2 and WS 2. Some values for coefficient of friction are given in

Table S. It can be seen that many sulfides are at least partially

6
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The effect of sulfur on wearing contacts has been the subject of a

large number of studies (references 14 to 20). In the work of Davey

(14-18) and the later work of Forbes (19) using soluble organic additives

the following mechanisms were proposed. At low loads (region I -Fig. 2)

the sulfur molecule is either physically or chemically adsorbed on the

steel surface of interest. The sulfur atom is attached with the chain

oriented perpendicular to the surface. At higher loads (region II),

cleavage of the sulfur-sulfur bonds occurs and a sulfur-metal reaction

can occur. The actual effectiveness of an organo-sulfur compound is

related to the ease of splitting the S-S bond necessary for adsorption

and the sulfur-iron interaction. Obviously the first step for reaction

to take place involves adsorption at the surface. In region 11 the

actual film does not appear to be pure sulfide (21) but some mixture of

metal oxide and sulfide. As the weld load is approached, a higher

percentage of oxide is found. This is understandable since Buckley (22)

has shown oxygen replaces sulfur in a metal sulfide compound. In later

work Sakurai (23) confirmed the sulfur reactivity role and found that an

optimum sulfur concentration existed. This optimum concentration is

that needed to give a critical film thickness for minimum wear. A

direct correlation (15) is found between wear and reactivity in region

I1 as shown in Fig. 4. It should be noted that the maximum load carrying

capacity is obtained with sulfur additions.

In summary a number of explanations can be proposed to account for

the effective lubrication characteristics found for SbSbS4:

8
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(1) It can for an effective solid ,film lTubricait, 4 4.
contained in a fluid lubricant.

(2) it can serve as a source of sulfur which proves bp ,d~ry Af ,

fluid lubrication especially in the high load region,,,

(3) Upon decomposition under EP conditions, antimony is liberated

which can act as a lubricant or which can contribute to the formation

of a lubricating film.

(4) Lubrication reactions can be more complicated; the SbSbS4 may be

involved in reactions with the lubricant itself or with oxygen.,

present at the contact.

In the present study a series of experiments were carred out to consider,,

the feasibility of these different explanations.

III. Test Methods and Materials

Testing procedures involving six different machines were used to

evaluate the friction and wear characteristics of SbSbS4 both in the dry powder

form and when blended as an additive with base lubricating fluids. The same

procedures were also applied to other lubricating materials for comparison

purposes. Three of the test machines, the four-ball EP machine., the pin ad-V-

block (Falex) machine, and the block and ring (LFW-1) machine are widely used

for lubricant testing. Two other wear test machines, the 3-pin on disk machine,

and the reciprocating linear sliding high temperature machine were special

laboratory designs. The sixth machine, a ring compression apparatus was,

strictly speaking, not a wear test machine but an application of

a comrcial compression-tension testing machine operating in the compression

mode. All tests were conducted in laboratory air (21-230C). The relative humidity

I 9



was monitbfed W~t not controlT44; it was foundto 'a 6b" 4Ui~~ 6I.

In the remainder of this section a brief escrfption" of '666 iot

systems will be pOfsented together with a siarj"o the test procedres"

that were applied.

A. Pin and V-bloCk Tests -

A detailed description of the pin and' V-block machine (also 'kw

as the Falex machine) can be found in a paper by Faville and iaville (24)

as well as in three ASTR standard test methods (D2627, D3233, 12625) which

are based on this machine. The test specimens consist of two blocks with

960 V-grooves and a cylindrical 6.35 m diameter pin. The V-blocks are

held in a lever arm mechanism and squeezed against the rotating pin.

The load can be adjusted manually or increased automatically. The

magnitude of the load is usually indicated by a dial gauge; however,

the present machine was modified to include a strain gauge type load

cell which allowed the load to be indicated electronically. The torque

imparted to the V-blocks as a result of the friction force was also

measured by a strain gauge type load cell. Load and friction force together

with specimen temperature, which was measured by means of a thermocouple spot

welded to one V-block, were continuously recorded during each test. The test

specimens specified in the ASTh standards, V-blocks of 1137 steel and pins

of 1335 steelwere used in many tests. To evaluate the behavior of SbSbS,

with other metals, specimens of 440 stainless steel, 82100 steel, *M

and Ti-6A1-4V were also employed.

10
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modificafW V ~tR"(t3h33, metliOd "'A's ~tie~ f S T* ~

.4load 176i ~~ct o 'tid 1IdbicAnts. ly tb 8-

5 m. run-irvat 1330 #4(30 Ib) 'the loud ii 44dced iut AW'&f~y djiW' f

failure u1S.tebyfracture of the tpetmen 1odkIngrVin, -of'i I.;

specimen pin itself, or by extrusion of the 7specimedn pinh.' The I6%W f''

it -iftpan1id by a marked Hise in frictioh forite when, sizure0 ihd

fractuf'e occur, or' by a dr'op in the load advante' rit when pih extw'i*40014

The load at AIich-ther fai lure event occurs is designated the !bad

carrying capacity othe lubricant according to this test.. The AS *

method specifies that the specimens be inuersed in a fixed Volume of,

lubricant. A different procedure was adopted when the test was.- a lied.i

j. ~greases. The V-grooves-of the V-blocks were filled with si ik
squeezed against the pin., No 'additional grease was applied dbU4wAje

test.

A second test procedure was used to ilasure wear as'well as i~ai rimg

capacty.' This procedure cnisted of a series'of 30 utt.tests

starting at a gauge load of 445 N (100 lb) wiheach tu~ceeding 'it ti
run at a load of 445 N (100 lb) higher than the'fovier. The iir44% weai D~

terminated when failure occurred before the 30 gin, test peri~d-Ms i* t f

* I The maxima load at which the lubricant was able to sur'viVe tfieKS0iV.

test period uas considered to be the load cartlying''capicity"61-dfat" '

lubricant. A major difference between this procedure and the #IrO'

described involves the rolatiotitfilp bitween t**A'~tdre 4nd Ted.'* li Us"



fi rst procedure, 1 oad i s rapidly -A'ap*e4 "d the"* AA qp WW

the achi qv~et of $tea4y state therma.l ndtiQtj A

gradient exists At the contact surface., In thq; -30 e#*o. )cR4 o ,t b~

the specimen temperature is all-oe to rise to a ste4)t state -ialm *

consequently, for a given load the, surfa ce teupefttur* of the, cqAM" W
be considerably higher than in the first procodiere.

Wear was determined by measuing widths tlengths were pproi~m%~~ -M

of the foujr wear scars on the two Y-blocks and.culting the wrg

vol ume. These measurements were found to be uipt usefual when vaulsp
lubricants gave large differences in wear rates. Small. Alfvne jed

not be resolved because of scatter in the data.

B. Block and Ring Tests

The block and ring tests were conduacted with a coamercial LfW-14

machine equipped with a 30:1 lever arm and a strain gauge type Iload. col3

for the measurement of friction. Grease was supplied to the rotating

ring by means of a comercial grease feeder adjustod to dqliver avl~

0.5 cm 3 at 20 min. intervals. The grease was supplied directly to Mhe r**ot*4iftAir4

from a nozzle with a rectangular opening approximately equa t te widh

of the ring., During the course of a test the grease was allowed to '; MU1

accummulate in the vicinity of the nozzle and the entrant side of t4~ M,

One test was conducted with dry SbSbS4 powder as a lubriant In, tot-. kf~ir '5

case the powder was applied repeatedly to therigwhasml

brush during the test.

The test procedure employed-was designed primrilyt t 4eqle ,fj--

the wear rate under conditions of low sliding speed and high load

12



(below seizure). Most of the tests were conducted at a load of 267 N

(60 lb) and a sliding speed of 5.5 cm/s. Wear is reported here as the vol

of material lost from the block. The volume was calculated from the
measured width and length of the cylindrical wear scar. Surface profile

traces across selected scars indicated that the-scar shape conformed

closely to the ring geomtry. Both ring and block were of 52100 steel.

The ring hardness was 62 HRC and the surface roughness across the

circumference of the ring. perpendicular to the grinding direction was

0.17 Um Ra. Similarly, the block hardness and surface

finish were 62 HRC and 0.25 um Ra, respectively. Details

on conducting wear tests with the LFW-l machine are discussed in ASTN D2714.

C. Four-Ball Tests

The four-ball test was employed mainly to confirm the results of King

and Asmerom (5) who first evaluated the load capacity of SbSbS4 in this

way. A description of the four-ball EP test machine and the test procedurq

eployed is described in ASTH method 02596. Briefly, the test

specimen configuration consists of one steel ball that is rotated

in the apex of three stationary steel balls. Ten second runs are made

at increasing loads until failure occurs. A new set of specimens are used

at each load. The rotating speed is 1770 RPM; the ball material is

SAE 52100 steel. The weld point is defined as the load at which the balls

weld together or a wear scar diameter of greater than 4 me is obtained.

0. Ring Compression Tests

A ring compression test has been developed (25) (26) previously

to measure friction under typical metal working condittifos. The test

involves compression of a metal ring between two flat metal platens.

Changes in the ring diameter at a given amount of deformation (redectioo

13

. ... .. . ... . .i*



... I lop. :

in ring thickness) can be directly correlated with friction coefficient

at the ring-platen surfaces. This technique can be used to evaluate theo

effectiveness of solids as lubricants at high normal pressures while #40"'

the temperature rise during the test. In these tests, rings of 1018 Stde1

(1.9 cm 0D x 9.5 ID x 6.35 I thickness) were compressed 50% between

flat plates of 0-2 tool steel finished to 4-8 pam R. The solid or

fluid lubricants were applied uniformly to the ring surfaces at the start

of the test. The coefficient of friction was determined by the change in

the Internal ring diameter using the calibration data given in Table S frm

reference 25.

E. Three-pin on Disk Tests

For certain tests a pin-on-disk apparatus was used (Fig. 5). The specimen

configuration consists of 3 hemispherical or flat ended pins sliding iiUSt a flat

plate and forming a single wear track. The pins were held in a round disk

which was mounted in a drill press chuck. The drill press had been

modified with a variable speed motor and gear drive to operate up to

a speed of 350 RPM. Alignment of the contact was achieved by mans

of a ball mounted between the pin holder and the chuck. The flat

disk specimen was mounted on a small table below the pin holder and was

supported by a ball bearing. In operation the table was restrained by a

fixture to which a load cell was attached; this allowed continuous reco ing

of the friction force during the wear test. The table also contained a

cavity in which resistance heaters were inserted for high temperature

wear test operation. Water cooling was provided to protect the ball

bearing during heating. The load was applied through the drill press

spindle. The spindle was modified to reduce vertical friction force

14 .... .
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wtch ight isterfi4-with the transmission of the applied load to the

specimeus. Smill gut&i4aies were ittehed t6 1t~ 0"$~ 146

that the lubricants in'the podr form weue continuously r.ine r

sliding track in front of the pins during the test. The solid powders

wore spread on the disk with a thickness of approximately 3 m. Hirdeed

SAE 52100 steel blls and 0-2 tool steel disks were used for most Of te

experiments. Tests were run at a load of 237 N (53.3 lb), A spie fi

10 cm/s, end tiperatures from 200C to 2506C.

F. Reciprocatin Linear Sliding Tests

For high temperature tests a reciprocating sliding rig was'used

(Fig. 6). It consisted of a flat ended pin (6.3S x6.3S m) sliding"bakck

and forth against a flat plate; the track length was 2S i. The pin

was held in an arm which was moved back and forth by an air motor.

end of the moving arm was supported by a universal joint so that it co 'a

move in both the linear horizontal and vertical directions. Load was applied

by an air cylinder which was mounted directly above the specimen pin. Notion

was imported to the moving arm through strain gauges so that the #c tio,

force could be measured. The flat plate specimen was fastened to a block

mounted directly under the pin. The test specimens were surrove -*

a furnace. Heat was supplied to the upper and lower speilmens Sy carfr idt

heaters mounted in the specimen holder blocks.

In operation, the specimens were pliced In the test rig and . '

15



brought to the desired operating temperature. The lubricant was applied
as a powder (3 m depth) on the flat Plat nd !hq 1jeS1} 1

tool steel specimens (60 NRC) haying a 0,ed 1ped qur!a fntaA
were employed. A load of 142 N (32 lb)anda7 v@oct .. . Af 25 pe
was used. Ten minute test runs were mod. at Increasing

temperature levels from room temperature to 5800C. Friction was plotted

as a function of temperature.

G. Lubricant aterials

A list of the lubricants studied in this program is given in Table 7.

Tests were conducted on dry powder materials and on many of the sam

materials blended with two different base fluids, a lithium 12-hydroxgy stearate grease
designated RHB1 by its manufacturer and a laboratory grade of white parafinic;

mineral oil. Several of the solid materials, most notably NoS 2 , were

selected because of their known good qualities as solid lubricants. These

served to provide reference data to which results obtained with other

materials, in particular SbSbS4 could be compared.

IV. Results and Discussion -.

Test results and analysis of these results are presented in the follwtng'

sections.

A. SbSbS as a Solid Lubricant

SbSbS4 has been referred to be a solid lubricant. According to the

usage of this term, SbSbS4 in the solid form and not in combination with a

fluid or other solid material would be expected to reduce substantially friction

16 ""a
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and wa.To achieve this function a layer of the solid lubritiant mot

exist &at. t wWcist ut w c., beosw sii Odftl ,qps end S, Iufw

prosportion of the $11144r and shear nosttk UM an * aj oo *WAleS4Mu04-~ pV

The .ecboal, peties of VhW sol id lubricant law w a ck ht

traction *sws a" low than wouild othewlsde exist, Ap dtimi, d

previously, the sWlid IlOwicant function. may depend on te VISAWe

prsue (Th "aeoenvi ronmet my al so be iuporkajt. Wat ft tho pwq#,
investigation, it was confined to room air.) To eaplwe te solid4 lvr~po'

behavior of SbSbS4, tests were conducted at various temperatures pd

An example of the variation of friction coefficient with, s1W*Wu dtawt I*

tameratwoe obtained with the 3-Pin on disk machine is show in Fig .

In these tests dry powder was spread on the disk surface anth tesWt cpqpnci**

As noted earlier, vanes located on the pin holding umbe continaully rtp"O" i,

powder to the wear track on the disk after It was pushed &way by the piro.,

The friction coeofficient trace in Fig. 7 rises rapidly with large,

fluctuations to a vhlue of about 0.7. Examination of the

pin and disk sliding contact surfaces..revealed the presence of a

relatively thick compacted film of SbSbS4. Optical microp'Aphs-Opf i.

and PJ* cutact surfaces are shown In Fig. $(a). *nd S(b)._ Alose. Z93.

examination, of the disk surface revealead sow mell as, of.

In the war track. It appears that during.,sliding thel al was ;ot"y

attached to the pin and sometimes to tbe disk. The frictionp!

conit'rqled by shear betweep the thckflm 0n h.pe uf~s

some extent by shear within this film. The shear stresses involved ane

much larger then with NoS2 which under comparable conditions gave a

friction coefficient of 0.05.
17
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Addittenal tests an dry SMbS We,'O Cond*W ~at f1W** i 1 R

Figure 4eftows, tilVarlatitin of:4ictton Cotffioint with '161 hv%4 11il0

In this expeiment the heater was swithd on and te qgM gfl sYT i

to rise while S'Ftdng took place. The ftfctioni Coffic41Vt ,r*dlner a'k'

a value of aSrxmtly 0.8 until a t*i0eaare of about 2250 was'

reached. The frictior coefficient then decreased with increasing tilperat*

to a value of about 0. 4. The- maximum temperature attainable (1 iiite

heater 0ower capacity) was about 2500C. On tuohifig tie hetter offth

coefficient of friction recovered to its original value when- a t*Wpdat"'

of about 1750C was reached. Sl iding As terminated in one test at

After cooling to rowt temperature, exmination of the specimeni suirfaces

showed that again there were thick patches of soli'd film in the w~maIA .4

(Fig. 10). Flakes of the film were stripped fron the surface using ~

extraction replice'and examined in the transmission electron mirdc*p.

They were determi ned to be the crystalI Ine phase Sb2S'3 by means of It!rai

diffraction. Thus the original amorphous ccmIOund, SbSbS4 UMd*'wet ax& -i it r,

transformation involving the loss of an S atom. During-the & Wvated

tests which were carried out in air, oxidation of the steel surface6ik&A4
turning it ffstt to a straw color and then blue when 26C: .was ahd

teit was run without SbSbS4 lubrication toiast~Iaete~ c~~

of specilmn oxidation. The friction coefficient vs temperatu 44otilti
4are shown in' Fig. 11. The behavior Is somewhat sil1t6 that6t4el~~



SbSbS4. Comparing Fig. 9 and 11 it can be seen that despite the l4rp

fluctuations, the friction coefficient in unlubricated slid;Rng is eQ*,

to 0.8 until a temperature of about 1900C is reached. The frictio co-. o.

efficient then drops to about 0.6. On turning off the heat at 250"C,.

the friction coefficient increased slowly with decreasing temperature

reaching its initial value of 0.8 at about 600C. Although oxidation of

the steel specimen surfaces may contribute to the results obtained with

SbSbS4 , it cannot account for a large part of the observed effect.

The test procedures used above (rising and falling temperatures)

do not necessarily establish the critical temperatures at which changm

in friction coefficient occur. However, the results do indicate that

variations in friction coefficient may be dependent on factors other than

a change in the lubricating qualities of SbSbS4. Additional experiments,

perhaps in an inert atmosphere would be required to separate the effects

of oxidation from those due to SbSbS4. With respect to the solid lubricating

characteristics of SbSbS4 two observations are important: (1) over the

temperature range from 22C to 225C the compound exhibits a friction

coefficient on steel much higher than with good solid lubricants, (2) SbSbS4

forms a rather strongly adherent film on the surface. The latter prope t7, ,

of SbSbS4 my contribute to its good performance as an additive as discussed

later in this report.

A different test device (reciprocating linear slider) was used to,

reach a temperature of 650C. The friction coefficient vs temperature date,

19
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temperatures from 2250C to 650*C. In this regard it is much better than

NOS2 whtch oxidizes at 350C in air and i's then no longer effective.

B. Confirming Four-Ball Tests and Pin and V-Block Load Capacity Tests

Four-ball EP tests were conducted on RM81 base grease, RM81+5 w/o

SbSbS4 and R181+5 w/o MoS2. The data are plotted in Fig. 13 together

with the results of King and Asmerom (5). The agreement is very good, thus

confirming the outstanding EP behavior of SbSbS4 as an additive in this

test.

Pin and V-block EP tests conducted using ASTM method D3233 demonstrated

the significant superiority of RM81+5 w/o SbSbS4 over the base grease

alone. However, the difference here between RM81+5 w/o SbSbS4 and

RN81+5 w/o MoS2 was not nearly as great. In addition to the relatively

soft 1137 steel block (20 HRC) and 3135 steel pin (90 HRB), the standard

specimen materials specified in Method D3233, three hardened steel

specimen materials and a non-steel. Ti-6A1-4V, were examined. These

results are shown in Table 9. When the hardened steel specimens were

used, the failure load was nearly doubled for the RM81 base grease,

compared to the standard specimens. With RM81+5 w/o MoS2 , a moderate

increase was obtained with 4130 steel and 440C steel compared to the

standard specimens but there was almost no change for 52100 steel. When

RMW1+5 w/o SbSbS4 was used, the failure load was about the same for all

steel specimns.
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It may also be noticed that there was essentially no difference

in failure load for RN 81+5 w/o NOS2 and RN 81+5 w/o SbSbS4 when

4130 steel and 440C steel specimens were used. Large differences were

primarily the result of using SAE 52100 steel as found In the four-bll

test results.

To understand these results It is necessary to consider In more detail

the pin and V-block test itself. The failure load, as described earlier, is

determined by specimen pin fracture, fracture of the locking pin, or by

extreme wear. Mechanical properties of the specimens and other metallurgical

factors as well as lubricant properties will almost certainly play a role

in determining failure load. A good example of the importance of "other*

metallurgical factors is demonstrated by the almost complete ineffectiveness

of the lubricants in question with Ti-6A1-4V. With specimens of the latter

material, failure occurred during run-in at 1330 N (300 lb). The higher

failure loads of RN 81 base grease when tested with 52100, 4130 and 440C steel

compared to the 1137/3135 steel combination appear to be a result of the

higher strength of the former steels. The friction coefficient and load

traces for tests employing the 1137/3135 specimen combination lubricated _

with RN 81 are shown In Fig. 14a. Run-in is not shown; only the portfon

where the load was automaticaly advanced to failure is shown. The frtion

coefficient remains constant with increasing load until it rises'

abruptly at a load of k2700 N (600 lb) and the test is terminated, in thts

case, by fracture of the specimen pin. Figures 14b, c and d show Correspeing

friction coefficient, temperature, and load traces for specimens of

52100, 440C, and 4130 steels, respectively. Only the run-in portion of

the test during which failure occurred is shown for Ti-6A1-4V in Fig. 14s. A

marked rise In the friction coefficient occurs at 2700-3100 N (600-700 lb)

for the steels, 52100, 4130 and 440C but actual failure of the specimen

22



pin (or locking pin) did not take place until a much higher load was

attained. In fact, the friction coefficient is seen to recover to

a lower value,after its initial rise, before increasing to failure.

Although direct analytical information was not obtained to explain this

behavior, it is hypothesized that chemical reactions with the lubricant

or perhaps oxidation led to the intermediate reduction of friction force,

Chemical reaction is certainly favored by the rising temperature which

accompanies frictional heating. Variations in friction such as those

shown in Fig. 14b-d are well known to occur with steel under non-lubricant

sliding conditions in air (27).

Load, tenperatureand friction coefficient traces similar to those

for RN 81 are shown for RN 81+5 w/o NoS2 and RN 81+5 w/o SbSbS4 in

Figures 15 and 16, respectively. These examples are representative;

other tests did not necessarily repeat in detail the small variation;

shown but the general behavior was quite similar. In camnon with RI 81,

the mixture RN 81+5 w/o HoS2 shows a rise in the coefficient of

friction at 2700-3100 N (600-700 lb). That rise did not, however,

lead to the failure of the pin for the standard 1137/3135 steels,

as occurred with the base grease alone. In fact, recovery occurred and the

ultimate failure load for 1137/3135 steel was about the same as for 52100 steel.

With RN 81+5 w/o SbSbS4 (Fig. 16) an initial decrease in coefficient of fric-

tion occurred and a rise was not observed until a load In the range'

5800-6700'N (1300-1500 lb) was reached. In summary, these results

indicate that with steel specimen materials, there is an increase in

friction coefficient at 2700-3100 N (60-700lb) for the PN A1 base

grease. Addition of 5 w/o MoS2 reduces the size of this increase while

S w/o SbSbS4 eliminates or perhaps delays it until a load in

the range S800 .6700 N (1300-1500 lb) is reached.

23
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A common feature of both MoS2 and SbSbS4 is the presence of sulfur.

Because of the well known effectiveness of sulfur as an EP agent, 0.43w1o

elemental sulfur powder was blended with RN 81 base grease and subjected

to the pin and V-block test. The load and friction force traces for

one test are shown in Fig. 17. The behavior is similar to that of

RN 81+5 w/o-SbSbS4.

C. Comparison of SbSbS. with Other S-containing and SolidI Lubricant Additives

Additional pin and V-block tests were coducted on the RN 81 base

grease with several solid lubricant additives and three proprietary

soluable sulfur-containing organic additives. These were compared with elemental

sulfur. The solid lubricants (PbO, HBO3 and PbO plus graphite) were chosen because

they are excellent high temperature solid lubricants. It was hypothesai" that

the SbSbS4 might behave in a similar manner. The organic sulfur and elemental

sulfur additives were included to evaluate the role of sulfur reactivity.

The additives examined together with their measured maximum pass loads

in the pin and V-block test are listed in Table 10. Separate tests were

carried out at 445 N (100 lb) load Increments starting with 445 N (100 lb)

until a load was reached at which failure occurred before an arbitrarily

chosen period of 30 minutes was attained. The maximum load at which the

30 min. test could be completed was designated the maximum pass load for the

lubricant. None of the solid additives listed in Table 10 except SbSbS 4

sustained a load of 1780 N (400 lb) without failure. With a soluble sulfWvr

containing additive, Anglomal, and when 1% elemental sulfur was dissolved

tn M 81, a maximm pass load of 1760 N (400 lb) was obtained. Also,

24
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0. 2% di ssolved sulIfur in RN 146 w/o1, Misi -r*a4Ch ow '-

from 1330KN (300 ib) to 1780 i;(.400 Ib).

These results strongly suggest that thesulfur effect 4 4604.

significant 'than the possible'hi'gh tempOrAtdri-'solid lubricant e*Ect;

To investigate further the significance of sulfur on'the- bdhaVio,'o

SbSbS4. pin andY-block 30 minute wear tiss wer carre u nwt~

*paraffinic mineral oil containing S and SbSbS4. -The whiteMinirafoAl

was used to avoid the possible effects of soaps or 'Impuri'ties

in the grease. The lubricants studied are listed in Table 7. Two of

the lubricants were prepared by first mixing 5 w/o tbSbS4 dry powder

in mineral oil and then filtering out the solid residue. In one case

the mixture was heated-.to 1206C for 30 min. before cooling to room

temperature and f iltering, and in the other case the mixture was stfrrW,

at room teihperature for 16 hrs. before filtering. The filtering process

*itself required several hours. X-ray fluorescence analysis of the

filtrates indicated the presence of 0.16 w/o S in the heated'and"0.08 tfo 1S

in the unheated filtrate but only a trate concentration (<0.001%) of

* I antimony was detected in both cases. The Sb~bS pwer ief was r6P~ -Ad 28)

to contain less than 0.1 w/o unconibined sulfur. These rsults Andciib

that some sulfur is given up to mineral oil by the SbSbS4 da~~fd

The pin and V-block test results given-in Oig. i8 show that tMe flluettdz7

blends exhibit a wear behavior that is similar to iilIrtl Oil' INav14 46

same concentration of elemental sulfur.

These results clearly dontrat4 that sulfur 1ntfe,'ciot II

the steel surface plays an exrml 9potf#1I

wear behavior of SbSbS4. - -
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D. Ani r _qft or. of §bS§§.As Aidtl~~

The superior EP performance of SbSb$ 4 as an adti ye to RN li s r

grease has already been described. King and Asmerom (5 ,hay,!loy .
four-ball wear tests (ASTH D2266 and D2596) to demonstrate. that.the er

rate characteristic of R4 81+5 w/o SbSbS4 is equal to or better than either

RM 81+5 w/o NoS2 or RN 81 alone. The test conditions specified by ASTH D2M.6

and D2596 are relatively severe with respect to load and speed, and

consequently, also as regards temperature. The question arises as to

what the behavior of SbSbS4-containing greases would be under less severe

conditions, particularly where the temperature might not much exceed po.

temperature (22C) and the physical rather than chemical-reactive

properties might be stressed. To answer this question a series of block

on ring tests was conducted at a load of. 267 N (60 lb) and sliding

speed of 5.5 cm/s. The results of tests on three different lubricants,

RN 81 base grease, RN 81+5 w/o SbSbS4 and RN 81+0.43 w/o % are shown in

Fig. 19- The concentration of elemental sulfur 1isted was .

chosen to equal the-quantity of sulfur that would.be available:from 5w/o

SbSbS4 if the latter compound was converted to Sb2S3. The steady state

wear rate obtained with RN 81 was 7 X 10- ms/mm and is substantially higher

than the value 1.8 x 10"10 mm3/mm obtained with RN 81+5 w/o SbSbS4 . It maybe

noted that a relatively high run-in w6ar rate was obtained with RN 81+5-w/o SbSbS4

and that a sliding distance in excess of 1000 m was required to enter the

steady state regime. The calculated steady state wear coefficient*.for

RN 81+5 w/o SBSbS4 is K a 5 x 10 " ., This value is indicative of mild wear and

demonstrates the good anti-wear characteristic of SbSbS4 under these candtlns.

volume loss • hardness
load * sliding distance
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Similar tests conducted on RM 81+0.43 w/o S gave essentially the same wear

rate as those for R 81+5 w/o SbSbS4, This result saws to further

substantiate the sulfur contribution in the case of SbSbS4. Additional

tests will be required to better establish the comparative behavior of

elemental sulfur and SbSbS4. .

E. Analysis of Debris and Surface Films

The observation of thick films on surfaces lubricated with dry

SbSbS4 powder has already been discussed. These films were easily

revealed by optical microscopy. Specimens lubricated with mineral oil

and grease, both with and without additives, were not covered with such

thick films. Depending on test conditions and the lubricant used, solid

films could sometimes be seen with the optical microscope. In some cases.

the entire wear surface appeared to be covered by a film, while In other

cases only part or none of the surface was covered by a visible fi1m. It

is thought that the explanation for these apparently disparate obs**atlitS

lies in the fact that all surfaces were covered by films buti:a the

thickness varied. Only when the films were sufficiently; thiii Whre ttry

observed. Since the existence of a solid film and the nature oft~at 1iar

are probably the most important factors determining boundary Ubricttift

characteristics, a study was initiated to characterize ftilms htiet

present under test conditions employed in this investigation.

27" '
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Two approaches were taken to study the films. Both employed

transmission electron microscopy. In one method wear debris particles

from used lubricants were examined. It was assumed that either some portion

of the original film resided on those particles or that the entire part cle

was in fact film that had been rubbed off the surface. in the sico ,

fragments of the film were stripped off the surface by means of a rpica

technique. The debris particles and film fragments were examined in an

analytical electron microscope (AEN). Crystal structure information ia's

obtained by means of electron diffraction and information on composition

for elements with atomic numbers equal to or greater than 11 (Na) was

obtained by means of an x-ray energy dispersive spectrometer systm (EDS).

Debris particles from two pin and V-block tests have been examined.

In the first case, R14 81+0.2 w/o S was used as a lubricant and the test was

conducted at a load of 1330 N (300 lb) for a period of 30 min. A considerable

quantity of debris was accumulated in the grease that remained on the

specimens at the end of the test. Relatively large metal particles were

visible optically. An abundance of very small particles

was also present. A number of these small particles, often in clusters,

were examined on carbon support films in the TEN. Electron diffraction

indicated that the particles had a crystal structure appropriate to the

spinel form of iron oxide, Fe304. Energy dispersive x-ray analysis

indicated the presence of Fe; a sulfur peak also was observed. There

were no diffraction lines to indicate that sulfur was coibined with iron

28
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to form a, solti4a. It is not kcnown to what *%tMst.W ~W AW." betl .1P

incorporated in tOe Fe3 4 structuire.

In the second cas% debriS paticles were Studied ftat M i

generated in a test employing mineral oil-to which W0S4 POO~r0 had
bee ~de and subsequently filtered. A 30 minufte war test was cop*d "f

a load of 2220 N ON l b) with this lubricant. Debris partitles frem tbevo

oil were similar to therse from the test eploying 2H B8L*02 w/o S to, tMeq1bst

that some large metal particles were present together_ with. a large ,quatt#0

of very small particles. Electron diffraction analysts of the small,

particles, however. indicated that they were very nearly identical, in!u

structure to a variety of pyrrhotites Fei..x (SC) and not F* 304' 1P~Yrritp.

are iron-deficient iron sulf ides exhibiting a variety of different superq-

structures based on the hexagonal NiAs subcel I.

Film fragments rmoved from two block wear scars after conducting

ring and block tests were examined. Both blocks were tested under

approximately the saw, conditions, 267 N (60 lb) load and sliding disbtw. of

a50M(. In one test RN 81+5 w/o -Sb~bS4 was used as a lubricant and, inthe,

other test RN 8140.43 w/o S was employed. It may. be recalle tWtS4wf

corresponds to the aount of sulfur that wold be availaible if &WW"~ Sk
was converted entirely to SbgS3. Filmn fragments frow the: tes't, ~lvt

RN 814*10o SbSbS4 ware of two types. owe type of -frapment ws es"estIYAel

structurel-ess in appearance Fig. 20(a). AccordIng .to e;lectresdikeftVam.,

it was amo'phaus. EDS analysis indicated that 4t: vs. c900sed.ofSbta-
S. TIMs, it 15 bypthesifed tat th" imus eie drW. ~gte)

WOMeh -SbMb4 p@Wder as A resut ftepwepvioebIgi 4'
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over the surface during sliding. The second type of film also Shown in

Fig. 20(a) appvared- tbi aep" af "ry 11SWIt~e'bt1 W
in size. Bright field and dark field icrogftWh bf a OOFWm 0014" '~

crystalIi ne,*00pat- .*b *04 a .n Pig. 20(b) aiW (elb: TW rostl > St~ictre

was determined by ele1 ctmo di ffraction to be- cofttt W" p intii

Flw_, S Aft). As further Support of this entfi " ationjIS -M1,td fathe

I presente of both Fe and S at- about the, lome t6*ce#ifation~ A siM ir"

arlysis, of, film fragents fro thevboer-lubrictited W"I 1014C4/6,91 i~

(Fig. 21) revealed only polytrystallit titus whtch:0f eibevrysilr '

appearance to polycrystll1n. films found with MWl45 w/o SbSS. K~itf

di ffraction, -however, Indicated a ceystal structuroo consistent *#ft MWft'

P.S2. -By means of EDS it was determined that the conctntrattidr 6f

considerobly higher thaa Fe.

The results described above concerning the'naturt of debris prtilW

and surface, films are preliminary. Additional sowecIas netC tW be

examined both from duaplicate tests OW condonted mndw difftreat

conditions to confirm the present obsorvations And etbih~v Wl

the relationship between lubricant tecmpOitto*, test codtietiu.an

film characteristics. flowever, analysis *f the present reslts it
the fellwiag. Iras oxide may %mr *Me a svifut conttinl lUbMOW"t'

is mployed -under conditions when Oxygen, has realy Otetts t*1WW~tI~t

surface and rfrictional heating results in ak *lWhttd twit i.~ ),#A
conditions where oxygen was not so readily avallabl~ t' wr oag

t....po!tiS s dnist"1% sulfideS are prsW hAttu ewn it A~d

Used. PerhapS the m"St s ignificant: tsult. hWetw, tat OW sT
the iron sulfide, pyrvhetite.wm.s ideotitled-as tfe ppft")* t'~

of fth surfacea film.
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V. Conclusions

1) When used as a dry powder SbSbS4 yields a coefficient of frictin of

0.5-0.8 at temperatures below about 2250C in air.

2) At temperatures above approximately 2250C,. SbSbS4 exhibits a friction

coefficient in the range 0.2-0.4. and therefore has characteristics

of a high temperature solid lubricant.

3) When rubbed dry, SbSbS4 forms a 'thick adherent and durable film on
contacting .steel surfaces -at tempera~re from120 to 250!C,

4) When employed as an additive in -a Ti tiwi soap based grease. Shhw

was found to exhibit outstandintg extreme pressure Perfomwce i~I

steel specimens according to pin and V-block nd4-ball tes**. Twe,r

results confirm those of other investigators.

5) SbSbS4 As an additive in lithium soap grease was not en effe*ative

EP lubricant against Ti-6A-4V.

6) The extreme pressure behavior of SbSbS4 was similar to other kiaw

sulfur releasing additi ves.

7) The boundary friction and wear characteristics of SbSbS4 when employed

as an additive in mineral oil and grease (lithium soap) appear to be

associated with the release of sulfur. Iron sulfide films were

identified on steel surfaces. A solid film of amorphous Sb~bS4 was

Aso formed on the surface.
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FIGURE C00170N$

1. Concentration effect on int for SbSbS4,and .oS2 i, 11,h01m rease.

Data from King and Asmero (5).
2. Schoti;c reprosentation of fourball extrem pressure te;. . r.

3. Friction coefficients for a variety of solid materials vs tei nov*re (13).

4. Load carrying capacity vs chemical reactivity for EP agents, (15).

5. Schematic drawing of three-pin on disk wear test machine.

6. Photograph of reciprocating high temperature friction and wear test machine.

7. Friction coefficient vs sliding distance for dry SbSbS4 powder using three
pin on disk tests (242 N load, 10 cm/s sliding speed, 52100 steel pins,
0-2 tool steel disk),

8. Optical photograph of film generated on disk (0-2 tool steel) and on pin
(52100 steel ball) (b) surfaces after sliding with SbSbS4 powder at
room temperature.

9. Friction coefficient variation with temperature for dry SBSbS4 powder
using three-pin on disk test (52100 steel pins, 0-2 too steel disk).

10. Optical micrograph of wear track on disk surface showing adherent film
after sliding at 250°C (52100 steel pins, 0-2 tool steel disk).

11. Coefficient of friction variation with temperature for unlubricated sliding
using three-pin on disk test (52100 steel pins, 0-2 tool steel disk).

12. Coefficient of friction vs temperature using reciprocating sliding test
rig (M-1 tool steel specimens).

13. Four ball EP test data compared to results fror King and Asmerom (5)
(52100 steel balls).

14. Pin and V-block EP test results on RM81 base grease using different
specimen materials. Test procedure was similar to that described in
ASTM 03233 Method A. Simultaneous record of load, coefficient of
friction and block temperature shown. (a) 1137 steel V-blocks and
3135 steel pin, (b) 52100 steel, (c) 440C stainless steel, (d) 4130
steel, (e) Ti-GAI-4V.

16. Sam conditions as Fig. 14(a) with RN81+5 w/o MoS2.

16. Sam conditions as Fig. 14(a) with RM81+5 w/o SbSbS4.
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17. Sao. conditions as Fig. 14(a) with RNBJ40.43 W/o S.

18. Pin and V-block 30 mn. wear test. resutts on mineral oil blends
(1137 steel V-blocks and 3135 tepi)

19. Block and Ring wear test results on RNSl, M181+5 w/o SbSb$A ap4
114810.43 W/o S (52100 steel selsn)

20. Transmission electron micrograph of film fraunts strip~de
block wear scar after block and 64~test* s l pt~)
Test lubricant was RNSl+S w/o SbSb. (a)Aarphous S* SfI)RTp
crystalline pyrrhotite film frgmmWIS are present ., (b) c ttii1~
pyrrhotite film at higher magnification, (c) dark ,field ia" of, f("M
to indcate size of individual grains.

21. Transmission electron micrograph of film fragment stripped frc
block (52100 steel) wear scar lubricated with RM81l+0.43 w/o S
Polycrystalline film was dter'mined to be FeS2.
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TABLE 1

Seizure and Weld Load. Results for Base Grease and A4ditives (5)

Lithlium Grease RN 81+ RM 81+ RNB1+
(RN4 81) 5% NoS2  1%SbSbS4  5Sb 4

-

Seizure Load (kg 40 50 so 100

Weld load (kg) 160 250 400 750



TABLE 2

Gansheimer's Results on Solid Additives in 0i1 (6)

material R.J. Load fka)

Zn 2P207  260

Ca(O) 2200-M20

MOS2 200-220

Graphite 200-20

znS 10

Base Oil 100

I A;~~.



TALE 3

Load Wer Index & Weld Loads ftr Oxides as Additives (9)

- Load ear Wadex Wld Load

B203 74 am

CaO 72 SO0

1203 9 500

Sb203  58 •800

CdO 54 630

Sao 53 315

PbO 51 200

CuO 45 252

ZnO 42 200

SnO2  35 200

NiO 34 252

Fe203  29 200

ftO 19 160

Sf0 2  15 160

A1203  14 160

*In all cases the oxide commestratiov was
S1 vt.%.
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TAKLE 4.,i'

Solid Lubricant Types ;

Organic ----- ------- ops, Fats, Waxes.t"

-. Polymers--------------------- Teflon, Polyethylene, Methacrylatewf!-.
etl---------------------- Idium, Tin, Lead, Silver

Inorganics-------------------X, AX2, Oxides, Sulfides, Chlorides,

Glasses------------------ B20 3 , PbO-SiO2-P04

1A

NU
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TABLE 5 0 V8J~

Friction teafficients of Son. Sulfide$ (2 ) >

So14:; Friction
Nta Cooff i t)M

Nos2 0.047 -

WS2- 0.08

Tit 0.20

CuS.2  0.21

0.15

4$ ir



TABLE 6
Calibration Data for Ring Cempression Tests (25)

Measured
Decrease of. Friction

Intrnal Dine Coefficient

+60
50 0.40
40
30

*20 0 +
10 0.06

0 0.0561
- 5 0o.
-10 0.042
-20 0.1*i
-30 0.02'
-40 0

-N



TABLE 7

List of Lubricants Uployed in Study

* Sripwers,

ON 81
RN 81 +5 w/o SbSbS4
RN 81 +SW/O NOS2
RN 81+0.2 w/o S
RN 81+0.43 w/o S

01 81+5 w/e PbO
IM 01+5 wu/s H60t
RN4 81+5 W/O SbSb$4
RN 81+5 w/o Anglauol*
SI 81+5 War A6004 OM

IM 8134"+ raphte
RN 81 +0. 2 w/o S + 5 w/o NoS2
RK 81+0.2 wfo. S + 5 w/o Sb213

Paraffiftic Mineral Oil Qiends .

Kin 0il +5 w/o SbSbS4 16 hr. filtered *0.08 w/o S. trace Sb (0.001 w/b)
MRn 011 +S 0/0' SbUSS4 -30 mi at -1 fC f ilItered *%- toI a no I.;Il

SbI (C S.O del/c)A
WMn 011 +0.1 W/o S
WMn 01) +0.2 v/s S ,

*Additives provided by Lubrizol Corp. See fotnote, p. 1.



* TABLES8

Friction Coefficients of Various Lubricants
Determined by Ring Compression Test

Lubricant Friction oeffitient SWatI

ENMe 0.24 SO#4 . itWr
rIne

IM 81 Grease 0.050 ttia f a akson

NS2~S powder 0.19 Hch

4 Poderevidence Of4#

M181 grease +NoS2 (51) 0400

AN181 grease + SbSbS4 (5%) 0.060 *9ADIiOP.

W:,) sltJ , be vO V
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TABLE 9

Pin and V-Block E.0'. r~Results

RN 81 RN at in 81
Test + + +

52100 S~N 7000 N M6OON'Z'.
190 lb 1575 lb 1800 IbL

4130 "S30. 9000 N 870016 itaoIt 202 1 b V0l
440C 6100. 2900 N 914~

137S lb 20001lb 206ob

TI-6Al-4V **

3136 P1/ 2300 It 6900 N 8700 N SOMON
1137 V-blocks 525 lb 1550 lb 1950 lb 1I00 lb

*S.Izedhf, gnhn-n4 $130' N300 f,) 1-. 4y, 1, - u Q ilU 5 1+
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Pin and V-Block 30 1" ontAt. ~ tP Tejtkesults

on Various Additive Compounds

Lubricant, Max Pass Load

RN 81 890 N (ROGQlb) ?-,

RN 81+5 w/o, SblbS4  1780 N (09 lb)
RN 81+5 w/oPbO, 890 W(Z :lb)-
RN 81+5 w/o1 HBO 1330 N (300 ib)
RN 81+5 w/oSb213  < 1330, N (300 b)RN 8l+Pb04Graphit ( 1330, K (300 lb)
RN 81+5% Anglambi 393* 1780 N (40lb)
RN 81+5 w/o Anglamol 6004A*+ < 1780 ,(400 lb)
RN 91+5 w/oOS#0294+ (<1780 _400 lb)
RN 81 0.2% S 

1330 k ( lb)
RN 81+0.2%S+5 w/o NoS 1780 N 400 lb'
RN 8l+0.rAS+5 w/o, Sb2 13301 N3001lb
RN 81 +1.0O%S 1780 N 40lb *; .

*Provided by Lubrizol Corp. Angamol 33 and OS#60294 are sulfur-containingadditives. Anglamol 6004A is a sulfur-phosporoes ud4t e..~e~9 epx~4
+Failure occurred at the indicated load; tests' not caft1 d it at'sul 1.i"loads.
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Fig. 8 Optigal phqtog*7raA7 of .0 on
tool steel) Ovio L.
after sliding with Sbl4 m O"104 t .,V
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Fig;. 20 Transmission electron micrograph of fte~...fra.I$ .{

stripped from block wear scar after bAck ningi
tests (52100 steel specimens). Test lubricant was
RX8J+5 w/o SbSbS (a) AriiPhous SbSbS film and.
crystalline pyrufttite film fragmnts Xe Present.
(b) Crystalline pyrrhotite film at high fat i"

cation. (c) Dark field Inage of (b) to fnicteo
size of individual grains.



Fig. 21 Transmission electron microgaph of filmfait
stripped from block (52100 steel) wear scar IubM1-
cated with RN8+O.43 w/o S. Polycrystallif film
was determined to be FeS 2.
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